The unflavored light meson families, namely ω 2 , ρ 2 , and φ 2 , are studied systematically by investigating the spectrum and the two-body strong decays allowed by Okubo-Zweig-Iizuka rule. Including the four experimentally observed states and other predicted states, phenomenological analysis of the partial decay widths can verify the corresponding assignments of these states into the families. Moreover, we provide typical branching ratios of the dominant decay channels, especially for missing ground states, which is helpful to search for or confirm them and explore more properties of these families at experiment.
I. INTRODUCTION
Since Quark model had been proposed in 1964 [1, 2] , big progresses on the study of light hadron spectrum have been made by joint effort from both theorists and experimentalists [3] . Among the light hadron families, light mesons are an indispensable part and still are unclear, which is the main reason why investigating and exploring light mesons becomes an interesting physical aim of the present running experiments like BESIII and COMPASS, and forthcoming experiments like GlueX and PANDA.
In the past years, there exist abundant phenomenological works involved in pesudoscalar mesons associated with these observed X(1835), X(2120), X(2370), and X(2500) [4, 5] , vector mesons with the reported Y(2175) [6, 7] , ρ and ρ 3 mesons [7, 8] , axial vector mesons [9, 10] , tensor mesons [11] [12] [13] , pseudotensor mesons [14, 15] , kaons [16] , and higher spin mesons [17] . These studies have played crucial role not only to establish light meson spectrum, but also enlarge our understanding to these new hadron states like X(1835) and Y(2175).
When further checking the experimental status of light mesons [3] , we notice an interesting phenomenon, i.e., the ground states of unflavored light meson families with J PC = 2states is successfully constructed. In addition, we predict the behaviors of two-body strong decays allowed by OkubaZweig-Iizuka (OZI) rule, which are the key information of explaining the disappearance reason for them. Here, potential decay channels and typical branching ratios which are valuable to explore in future experiment are also provided. On the other hand, combining with the theoretical investigation of K * 2 meson [17] , we can found an integrated nonet, and then systematically compare with 1 −− and 3 −− light mesons. In PDG [3] , we can find ρ 2 (1940), ω 2 (1975) , ω 2 (2195), and ρ 2 (2225) as further states in pp reaction. Based on the experimental information of these four 2 −− states, we continue to discuss their possible assignments into ρ 2 and ω 2 meson families with the mass spectrum analysis and two-body OZI-allowed strong decay calculation. Besides, we predict the properties of the corresponding undiscovered φ 2 mesons. Additionally, masses and decay behaviors of third radial excitations are also calculated based on previous results. We hope that our effort will be helpful to establish ρ 2 , ω 2 and φ 2 meson families.
Comparing with other theoretical calculations [18] [19] [20] , not only a more detailed analysis of the missing ground states but also a theoretical study of newly observed four resonances are included in this work. Moreover, based on the consistence of experimental information, we predict the decay properties of the third excitation states.
We organize this paper as follows. In Sec. II, the mass spectrum of unflavored light meson is studied, where one can fix the mass range of ground state in unflavored light meson families with J PC = 2 −− and give the possible assignments of radial excitation states. In Sec. III, we first introduce the Quark-Pair-Creation (QPC) model, and then we discuss the strong decay behaviors of these discussed states with fixed mass spectrum. In the end, Sec. V is devoted into the summary and discussion.
II. ANALYSIS OF MASS SPECTRUM
Although the light isoscalar and isovector states with 2S +1 L J = 3 D 1 or 3 D 3 are relatively well established and categorized because of many discovered candidates [6, 8] , there are only four unflavored light 3 D 2 mesons discovered at experiment. By using the Crystal Barrel detector's data, four 2 −− resonances are reported for pp collision in 2002 [21, 22] , whose masses and widths are listed According to our previous works [6, 8] and the review Quark Model in PDG [3] , the accompanying isoscalar ω(1650) and isovector ρ(1700) are generally considered as 3 D 1 ground states, and isoscalar ω 3 (1670) and isovector ρ 3 (1690) as 3 D 3 ground states. Those are consistent with the rough estimations as follows. Because of same spin angular momentum and orbital angular momentum, the masses of ω 2 and ρ 2 ground states should be around 1.7 GeV by comparing masses of the 3 D 1 state and 3 D 3 state. Similarly, the mass of φ 2 ground state is about 1.9 GeV by comparing that of φ 3 (1850).
In most situation, the Godfrey-Isgur (GI) model [23] is used for mass spectrum analysis and has achieved great success since proposed. Here, we employ this model to obtain masses of ground states.
The Regge trajectory is another effective approach to quantitatively study the mass spectrum of the radial excited light mesons [24, 25] . As to higher excitations, masses of GI model calculation generally are larger than experimental results because of the coupled channel effect and the relativity effect. Thus, we use the Regge trajectory to obtain the masses of the radical excitation states. A general expression for the Regge trajectory is
where M 0 is the mass of ground state, M is the mass of state with radical excitation number n, and µ 2 denotes the trajectory slope.
A general mass assignment of unflavored light mesons with 3 D 2 is shown in Fig. 1 , and the four experimental states are well-arranged as n = 2 or 3 state. Here, we need to specify that the masses of ρ 2 (1D), ω 2 (1D) and φ 2 (1D) are taken from the GI model calculation [23] . By combining these theoretical inputs and experimental data, we can construct three Regge trajectories just shown in Fig. 1 , by which can further predict the masses of other missing states. As shown in Fig. 1 , linear typical Regge trajectories of ω 2 and ρ 2 family are observed, and we can obtain the slope µ 2 = 1.0 GeV 2 , which is gotten by fitting the experimental and the GI ground states data. Moreover, when we take the mass of the ground state φ 2 (1D) from GI model, the masses of φ 2 family can also be obtained with the extrapolation from the Regge trajectory using the same slope µ 2 = 1.0 GeV 2 .
Besides these ω 2 , ρ 2 , φ 2 mesons, there exist the corresponding K 2 partners. In our previous work [16] , the resonance parameter and partial decay width of these K * 2 mesons were calculated. An integrated nonet is established as shown in Fig. 2 and thus we can have a complete comprehension of 2 −− light mesons. The masses of unflavored mesons with different radical number n are summarized in Table I , and these masses are employed to the following study for the decay widths. On the other hand, analysis of decay behaviors will examine the reasonability of our assignments. Presently, in addition to the study of ground state masses from Godfrey and Isgur [23] , and Ebert et al. [20] , there are also another two works [18, 19] indicating ground state masses of ω 2 and ρ 2 as ∼1.7 GeV comparable with ours. Furthermore, Ebert et al. also predict the masses of the first and second excitations, and the masses of ω 2 and ρ 2 families are generally consistent with ours, but the masses of φ 2 excitations is higher than ours. In the next section, we give a complete analysis of strong decay behaviors based on the wellestablished mass assignments.
III. STRONG DECAY BEHAVIORS
In this section, we firstly introduce the phenomenological model applied to obtain the information for the OZI-allowed hadronic strong decays. We then illustrate strong decay behaviors of ω 2 , ρ 2 and φ 2 families in details, respectively.
A. A Brief Introduction to the QPC Model
The QPC model is proposed by Micu [26] firstly in 1968 and developed by Orsay group [27] [28] [29] [30] [31] . The QPC model assumes a pair of quark-antiquarkis created from vacuum with J PC = 0 ++ and then rearranged with the initial hadron to form two daughter hadrons. For instance, the transition operator T of a meson decay progress A → B + C can be expressed as
where [31] . Then the transition matrix of decay process in the the rest frame of particle A reads as
where P B and P b depict momenta of meson B and C, respectively, and M M J A M J B M J C is the decay amplitude with M J i (i = A, B, C) describing the magnetic quantum number of the meson.
The helicity amplitude M M J A M J B M J C can be converted into partial wave amplitude M JL by the Jacob-Wick formula [32] , i.e.,
To sum up, the general decay width writes as
where S ≡ 1/(1 + δ BC ) denotes the statistic factor which is responsible for a situation if B and C are identical particles, and m A is the mass of initial particle. Furthermore, the meson wavefunction is defined as mock state, i.e.
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and here the spacial wavefunction Ψ nLM L (p) of meson adopts the simple harmonic oscillator (SHO) wavefunction which has explicit form
where Y LM L (Ω) is spherical harmonic function, and L L+1/2 n−1 (x) is the associated Laguerre polynomial. The parameter β = 1/R, and R is obtained by reproducing the realistic root mean square radius via solving the Schrödinger equation (see more details in Ref. [33] , though we proceed some improvements of the method and results).
In the following subsections, we perform phenomenological analysis of total widths and partial widths calculated by QPC model by comparing our results with experimental data. This analysis is helpful to explain why there does not exist any information of 2 −− unflavored light ground states and reveal the underlying properties of these ground states and their radical excitations for more future experimental measurements, especially in BESIII detector, CMD-3, SND and KEDR detector.
B. ω 2 Family
As shown in Fig. 3 , the calculated total widths of ω 2 family states are illustrated by contour lines which depend on R and γ. At present, experiment only observed ω 2 (1975), ω 2 (2195), ρ 2 (1940), ρ 2 (2225), where their widths were measured. Thus, we may take these experimental data to fix the γ value to be 7.1. Considering the uncertainty, we set γ = 7.1 ± 0.3 in our concrete calculation. Generally, the total widths of ω 2 (2D) and ω 2 (3D) in our results agree well with those of ω 2 (1975) and ω 2 (2195) at experiment. It demonstrates the reasonability of setting the two states as ω 2 (2D) and ω 2 (3D) respectively, and also predicts there exists an undiscovered ground state.
By assuming the ground state ω 2 (1D) with mass equalling to 1696 MeV, the total decay width of missing ω 2 (1D) reach up to 220 MeV when choosing fitted γ = 7.1 and recommended R value [33] shown in the top left of Fig. 3 . We present the branching ratios of ω 2 (1D) at the top of Fig. 4 . Corresponding partial decay width can be obtained by multiplying the total width and branching ratio. The largest branching ratio comes from the πρ channel and is about 71%. The πb 1 (1235), ωη, and KK * channels are also important. Besides, all branching ratios are not strongly dependent on R, and those of the πb 1 (1235) and ωη channels are close to each other.
The information of stable partial width ratios will be helpful for experimental searches, and we list them for ω 2 (1D), 18. In Ref. [18, 19] , the similar branching ratios of πρ are obtained, where the branching ratio of this πρ decay channel for ω 2 (1D) is 74% and 60% given by Ref. [18, 19] respectively, and other branching ratios are also analogous. As mentioned in Ref. [19] , π 2 (1670) is with the mass and total width similar to ω 2 (1D), and also decays to πρ, so that ω 2 (1D) is possibly masked by π 2 (1670) in the πρ channel. Therefore, ωη and KK * are the ideal channels suggested to search for ω 2 (1D). The process ω 2 (1D) → b 1 (1235)π → ωππ are also valuable since ω 2 (1975) and ω 2 (2195) are discovered in the ωππ channel.
The structure ω 2 (1975) and ω 2 (2195) are well determined by both pp → ωη and pp → ωππ processes with ω decaying to π + π − π 0 [22] . The two resonances are classified as furthur states in PDG, which means these states are not confirmed well in experimental and more measurements are needed. Thus, a detailed analysis of their categorization in nonet and decay properties are valuable to confirm them.
According to the analysis of Regge trajectory in previous section, ω 2 (1975) is assigned as n = 2, whose total width and branching ratios of calculated two-body decays are presented in the top right of Fig. 3 and at the bottom of Fig. 4 , respectively. The experimental total width of ω 2 (1975) is 175±25 MeV, which is well reproduced in our results.
As to the partial widths of ω 2 (1975), our calculation shows πρ(1450) are dominant decay channel and the branching ration reaches up to (38-49)%. πρ, πb 1 (1235) and πρ 3 (1690) are also main modes, and ωη is also considerable. Corresponding to our calculation, πρ(1450), πb 1 (1235) and πρ 3 (1690) modes can contribute to ωππ final state, and ωη mode also shows significant proportion. It can explain why ω 2 (1975) is discovered in pp → ωη and pp → ωππ processes by Crystal Barrel Collaboration. Moreover, we can give partial decay width ratios which are stable against R value, Γ(πρ (1450) (1410)) = 1.05 − 1.32. Especially, the ratio Γ(ωη)/Γ(ωη ′ ) is a promising issue to explore. We believe more experimental tests of these ratios can examine the rationality of setting ω 2 (1975) as 2 3 D 2 state. Another J PC = 2 −− state ω 2 (2195) observed in Ref. [22] is categorized as n = 3, and its experimental total width is 225±40 MeV. A good agreement of our total width calculation with experimental data is observed in the lower left of Fig. 3 . The R dependence of branching ratios for ω 2 (3D) is illustrated in the left of Fig. 5 . The main decay channels are πρ(1450), πρ, and πb 1 (1235) whose branching ratios are 27.5-33.6%, 25.2-25.4%, and 14.5-21.6%, respectively. πρ (1450) and πb 1 (1235) channels give contributions to ωππ, and ωη also has a moderate percentage share, and thus it can be understood that ω 2 (2195) is observed in these two final states. Here the decay width ratios weakly related to R are listed, Γ(πρ (1450) Among these ratios, Γ(ωη)/Γ(ωη ′ ) is suggested to study firstly at experiment. Owing to the main channels contributing to 5π final state, these modes are inefficient to reconstruct at experiment. Generally speaking, the total and partial widths depend more sharply on R for higher radial excited states, and larger radial quantum number takes larger R value.
Since no experimental signal of ω 2 (4D), we predict its mass as 2424 MeV, and plot total width and branching ratios in the bottom-right corner of Fig. 3 and the right column of . Advisable invariant mass spectra should be investigated at experiment are ωππ, ωη and KK * . These decay information will be helpful for future experimental search.
C. ρ 2 Family
As the isovector counterpart of ω 2 family, ρ 2 family takes the same R ranges. The contour lines of total widths from n=1 to 4 are illustrated in Fig. 6 . Corresponding branching ratios are illustrated in Figs. 7 and 8. We can roughly conclude that the higher radial excitations rely more intensively on R variation, and take larger R values.
First, because no signal of ρ 2 (1D) is observed, a mass same with ω 2 (1D) is obtained via GI model. Shown as the topleft diagram of Fig. 6 , the total width of ρ 2 (1D) is around 390 MeV when γ = 7.1, consistent with Ref. [18] but little less than the result of Ref. [19] . From the left of Fig. 7 , the πa 2 (1320) mode of ρ 2 (1D) decay is predicted to obtain the largest branching ratio of ∼55%. a 2 (1320) sequentially decays to ρπ, and ρ 2 (1D) eventually decays into 4π final state through this mode. Furthermore, the secondary modes, ρρ, πω, πa 1 (1260), and πh 1 (1170) also contribute to 4π final state. Therefore, why no signal of ρ 2 ground state is observed can be explained by that is difficult to find a broad width structure and complicated to reconstruct a 4π final state at experiment. Though ρ 2 (1D) can be produced in principal, ρ 2 (1D) is hardly determined by Crystal Barrel detector because of quite low statistics. Actually, the mass and width of ρ 2 (1940) already are poorly determined with low statistics for being close to the bottom of the available energy range. However, ρ 2 (1D) also couples significantly to ρη and KK * , so may be observable in both channels. Besides, πω mode should also be concerned since ρ 2 (1940) and ρ 2 (2225) are observed in this mode and the reconstruction efficiency is higher than ωηπ. We also list some ratios weakly dependent on R of partial decay width, Γ(ρρ)/Γ(πa 2 (1320) when γ = 7.1, and that well overlaps with experimental width 155 ± 40 MeV. The strong two-body decay behavior of ρ 2 (1940) as 2 3 D 2 state is presented in the right of Fig.7 . The main decay channels include πa 2 (1320), πω(1420), and πω with branching ratios 20.6-25.5%, 20.8-23.1%, and 9.6-15.0%, respectively. However, whether ρρ is main channels depends on the R value. πω(1420) also contributes to ωηπ 0 final state, and it makes sense ρ 2 (1940) discovered in pp → ωηπ 0 process. Apart from channels contributing to 4π final state, ρ 2 (2D) obtains sizable branching ratios of kaons, ρη and ρη ′ , and these modes can be carefully inspected at experiment. Further information on typical ratios of partial decay widths are provided, Γ(πa 2 (1320))/Γ(πω(1420)) = 0.89 − 1.22, Γ(πa 2 (1320))/Γ(πω) = 1.70 − 2.14, Γ(ρρ)/Γ(πω (1420) Another 2 −− resonance reported in Ref. [21] , the ρ 2 (2225) as 3 3 D 2 state, is studied. Its partial decay width is presented in the left of Fig. 8 . Since ρ 2 (2225) is assumed as the second excited state, its width is strongly dependent on R value, and thus it possesses a broad width range with R = 4.5−5.1GeV −1 . Unlike other three observed resonances, our calculated width is somewhat smaller than the experimental value 335 +100 −50 . But notice that merely Crystal Barrel Collaboration announced this resonance and its experimental width error is evidently larger than other three resonances, so more experimental information is needed to testify our result. The main decay channels of ρ 2 (2225) include πω(1420), πh 1 (1170), πω, πa 0 (1450), and πa 2 (1320) with branching ratios equalling to 13.4-18.8%, 11.0-14.1%, 12.1-13.2%, 8.9-11.0%, and 3.9-14.4%, respectively. On the other hand, ρρ, ρη, ρ(1450)η, ρb 1 (1235), and ππ 2 (1670) are subordinate decay channels. Besides, sequential two-body decays of πω(1420), ωa 2 (1320), ηb 1 (1235), and πω(1650) channels give shares to ωηπ 0 final state, so it explains the experimental process pp → ρ 2 (2225) → ωηπ 0 . Here, detailed decay width ratios are also presented, Γ(πω (1420) 63. The mass of ρ 2 (4D) absent at experiment is predicted as 2424 MeV, and its calculated total width is plotted in the lower right of Fig. 6 , which presents a broad width range relying on R. Our suggested total decaying width is 97 MeV when choosing suitable R and γ values. The branching ratios of ρ 2 (4D) are illustrated in the right column of Fig. 8 . In addition, because of higher excitation, both total width and the branching ratios are sharply dependent on R value. Main channels consist of πh 1 (1170), πω, πω(1420) and πa 0 (1450). Except πh 1 (1170) channel owning a stable ratio 15%, other three main channels, πω, πω(1420), and πa 0 (1450), show wider ratio ranges 11.6-12.9%, 9.8-14.4%, and 10.7-13.35%, respectively. Besides, we list several relative ratios weakly dependent on R, Γ(πh 1 (1170))Γ(πω) = 1.21 − 1.25, Γ(πω)/Γ(πω (1420) The information of φ 2 family is still absent at experiment until now, so theoretical prediction of the absent states can assist experimentalist in searching for them and discovering more properties. By combining the analysis of GI model and Regge trajectory, masses of φ 2 (1D) − φ 2 (4D) are obtained in Table I , and their total widths are illustrated in Fig. 9 . Considering our previous work of K * 2 family [16] , complete J PC = 2 −− light meson nonets are established, and systematic analysis can be performed. The analysis of φ 2 states are proceeded in more detail as follows.
The mass of φ 2 (1D) is suggested as 1904 MeV, near its partner φ 3 (1850). If taking a typical value of γ = 7.1, its total width is predicted about 255 MeV with mild R dependence shown in the top left of Fig. 9 , and it is comparable with the calculation in Ref. [19] . Two-body decay properties of φ 2 (1D) are presented at the top of Fig. 10 , where KK * decay mode is dominant with the fraction up to 58.5-66.2%, and K * K * , KK 1 (1270), and ηφ channels also hold considerable proportions. Similar branching ratio results appear in Ref. [19] , except that of φη is slightly larger than our prediction. Besides, all channel ratios exhibit linearly dependence with changing R, which probably results from the smooth wavefunction of the ground state. Thus, studying partial width ratios at experiment can appropriately test our prediction. These are FIG. 10: The branching ratios of φ 2 (1D) and φ 2 (2D) with R dependence. Decay channels with branching ratios less than 1% are neglected. Under the assignment of 2 3 D 2 , the mass with 2151 MeV is employed, and corresponding total width and branching ratios are plotted in the top-right part of Fig. 9 and at the bottom of Fig. 10 , respectively. The total width of φ 2 (2D) is 206 MeV when taking the proposed R value 3.7 GeV −1 and γ = 7.1. The two-body strong decay properties, collected at the bottom of Fig. 10 As for φ 2 (3D), its mass is advised as 2372 MeV by the extrapolation from the Regge trajectory with the mass of the ground state calculated from the GI model. Its recommended total width value is 124 MeV from the bottom left of Fig. 9 . We list the branching ratios of φ 2 (3D) in the left of Fig. 11 for experimental exploration is Γ(η ′ φ)/Γ(ηφ) = 0.39 − 0.66. Finally, we analyze the decay behaviors of φ 2 (4D) state with its mass proposed as 2574 MeV. As the highest excitation considered in φ 2 family, it provides complicated properties of strong decays due to the R value sensitivity and node effects. Its total width variation tendency is presented in the lower-right corner of Fig. 9 with advisable value 75 MeV when γ = 7.1 and R = 4.2 GeV −1 . Relevant branching ratios are shown in the right of Fig. 11 , where KK * (1410) is the dominant mode holding 25.5-36.0% fraction, and KK * , KK 1 (1400), and KK * 2 (1430) are also main channels. Some typical relative branching fractions are presented here, Γ(KK 1 (1400))/Γ(KK * ) = 0.66 − 0.73, Γ(ηφ)/Γ(K * K * ) = 0.58 − 0.97, and Γ(η ′ φ)/Γ(ηφ) = 0.58 − 0.74. These predicted information of the missing φ 2 family may inspire more experimental efforts for hunting them.
IV. SUMMARY AND DISCUSSION
Since the quark model proposed, it dose achieve great success for explaining and predicting numerous hadrons. However, there also remain some unexplained exotic states beyond the quark model, such as glueballs, hybrids. To distinguish between conventional and exotic mesons, it is crucial that we comprehend conventional-meson spectroscopy very well. Currently, the experimental information of J PC = 2 −− unflavored light mesons is still scarce except the results of Crystal Barrel detector in 2002, and thus they are not well established. Therefore, a systematical and complete study of 2 −− unflavored light mesons is necessary to stimulate mounting experimental efforts to this sector.
In this work, an investigation of mass spectrum is firstly performed by combining the analysis of Regge trajectory and GI model in Sec. II, which indicates that the four experimental resonances are assigned as the first and second excitation of ω 2 and ρ 2 families, respectively. In addition, this categorization is also supported by the corresponding features of twobody decays allowed by OZI rule. More importantly, with predicted masses ∼1.7 GeV for ω 2 and ρ 2 ground states, total decay widths are suggested as 220 MeV and 390 MeV. Furthermore, since ω 2 (1D) is masked by π 2 (1670) and ρ 2 (1D) is difficult to reconstruct with broad width and 4π final state, we can explain why they are blind at experiment. Detailed decay properties of the missing ground resonances are given by QPC model in Sec. III. In addition, for the absolutely missing φ 2 family, their partial decay behaviors are also discussed by adopting advisable masses from n = 1 to 4. The branching ratios of main and subordinate channels are illustrated in Sec. III, respectively. Certain partial decay width is obtained by multiplying the corresponding branching ratio with total width. Definitely, the main decay widths of ground states are listed in Table II. [16] [17] [18] [19] [20] [21] [22] Owning to merely theoretical inputs of the masses for most states, it is necessary to discuss the mass dependence of decay widths. For example, when adding 50 MeV to the masses of ω 2 family, main decay widths of ω 2 (4D) increase by 24% maximumly. As to lower state, their main decay widths are relatively less sensitive to mass variation. Similarly, mass dependence of ρ 2 and φ 2 families can be estimated.
The strong decay information is vital to search for missing ground states and higher excitations. We hope our study can inspire more experimental interests to find them and establish 2 −− light meson family at experiment eventually. BE-SIII, CMD-3, SND, KEDR, COMPASS, and E852 are suitable platforms to explore these issues. Especially, BESIII is the promising facility with the highest luminosity running in 2.0-4.6 GeV, and its main focus still is exploring light hadrons in the following years. Besides, it is hopeful that many states can be experimentally better understood in relatively near future at the Jefferson Lab. Potential channels, ωη for ω 2 , ρη for ρ 2 , ηφ for φ 2 , are suggested to explore these ground states. KK * is an ideal channel which contributes to all 2 −− light unflavored states, and contributes to sizable branching ratios.
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